The activity of sensory circuits is shaped by neuromodulators, which can have downstream consequences for both sensorimotor integration and behavioral output. Recent evidence indicates that brain-derived estrogens ("neuroestrogens") can act as local circuit modulators in the songbird auditory forebrain. Specifically, neuroestrogens fluctuate in the auditory caudomedial nidopallium (NCM) during social interactions and in response to song stimuli. Within minutes of elevation, neuroestrogens also enhance auditory response properties of NCM neurons, and acute blockade of estrogen production in NCM disrupts behavioral song preferences. Here, we test the hypothesis that fluctuating neuroestrogens within NCM influence stimulus selectivity in a downstream sensorimotor nucleus (HVC, used as a proper name) that receives indirect auditory input from NCM. Dual extracellular recordings coupled with retrodialysis delivery show that song selectivity in HVC is rapidly enhanced by increasing neuroestrogens in NCM in adult males. Conversely, inhibiting neuroestrogen production in NCM causes a rapid decline in song selectivity in HVC, demonstrating the endogenous nature of this modulatory network. In contrast, HVC selectivity is unaffected by neuroestrogen delivery to either nearby caudomedial mesopallium or into HVC itself, indicating that neuroestrogen actions are restricted to NCM. In juvenile males, identical neuroestrogen treatment in NCM also does not alter HVC selectivity, consistent with a developmental maturation of the auditory network. Lastly, the rapid actions of estrogens leading to enhanced HVC selectivity appear to be mediated by membrane-bound receptors in NCM. These findings indicate that steroiddependent modulation of sensory processing is not locally restricted and can be transmitted transynaptically to influence downstream sensorimotor and premotor targets.
Introduction
Brain circuits are highly sensitive to steroid hormones derived both from the periphery and generated within the CNS itself. Steroids can sculpt the brain over long-term seasonal and developmental timescales, yet they can also modulate the excitability of neurons within seconds to minutes. These rapid, nonclassical actions on neuronal excitability have been described for all major steroids, including progestins (Joëls, 1997; Shen et al., 2007; Smith et al., 2009) , glucocorticoids (Dallman, 2005; Coddington et al., 2007; Pasricha et al., 2011) , androgens (Bass and RemageHealey, 2008; Foradori et al., 2008) , and estrogens (Dufy et al., 1979; Wong and Moss, 1992; Mermelstein et al., 1996; RemageHealey and Bass, 2007; Woolley, 2007; Kuo et al., 2010) . The nonclassical actions of estrogens have drawn particular attention because the activity of the estrogen-synthesis enzyme aromatase is rapidly regulated within discrete brain regions (Cornil et al., 2005; Charlier et al., 2011) and because aromatase is expressed in presynaptic boutons in the forebrain of rodents, primates, and songbirds (Naftolin et al., 1996; Hojo et al., 2004; Peterson et al., 2005; Srivastava et al., 2010) . Estrogens therefore appear to exert rapid, neuromodulatory actions with high spatial and temporal resolution Remage-Healey et al., 2011) . However, despite current understanding of their capacity for neuromodulation, whether neurosteroids, such as estrogens, can rapidly alter the flow of information between identified brain circuits is unclear.
Here, we test this hypothesis using the zebra finch, a songbird with pronounced brain steroid production (London et al., 2006; Schlinger and Brenowitz, 2008; Remage-Healey et al., 2010a) . Adult males have a specialized network of forebrain nuclei devoted to auditory processing and learned vocalizations (Mooney, 2009) . One auditory region, the caudomedial nidopallium (NCM), is aromatase rich (Saldanha et al., 2000; Saldanha and Coomaralingam, 2005; Jeong et al., 2011) and is important for auditory discrimination and song memories (Gentner et al., 2004; Bolhuis and Gahr, 2006; Phan et al., 2006) . Auditory signals processed by NCM ultimately reach nucleus HVC (via indirect projections; see Fig. 1 A) , a key sensorimotor structure that integrates auditory input with vocal motor commands and is critical for song production and perception (Brenowitz, 1991; Gentner et al., 2000; Long and Fee, 2008; Prather et al., 2008) .
A recently-optimized in vivo microdialysis approach in behaving zebra finches reveals that estrogens in NCM are elevated during auditory stimulation and singing , 2012 . In vivo recordings indicate that elevated NCM estrogens rapidly boost auditory response properties of NCM neurons (Tremere et al., 2009; Remage-Healey et al., 2010b) . Furthermore, blocking production of estrogens in NCM disrupts auditory processing (Remage-Healey et al., 2010b) and song preferences in behaving individuals (Remage-Healey et al., 2010b; Tremere and Pinaud, 2011) . Here, we demonstrate that local and acute estrogen signaling in NCM transforms the auditory response properties of HVC neurons and that these actions appear to be mediated by a membrane-bound estrogen receptor. These results therefore reveal that rapid steroid signaling within a sensory region has direct implications for downstream sensorimotor integration.
Materials and Methods
We recorded from 34 male zebra finches (Taeniopygia guttata; adults Ͼ120 d and juveniles Ͻ90 d; see below) obtained from the laboratory breeding colony (14/10 h light/dark cycle, group housed in mixed-sex aviaries). All experiments were approved by the Institutional Care and Use Committee at the University of Massachusetts. Males were housed individually inside sound-attenuation chambers (Eckel Industries) with a companion female to elicit song before surgery. Spontaneous song bouts were continuously recorded and sorted using Sound Analysis Pro (http://soundanalysispro.com/; version 2A.04). Electrophysiology procedures coupled to neuroestrogen microdialysis were performed according to previously established methods (Remage-Healey et al., 2010a , 2012 with some modifications. Dual multiunit extracellular recordings from ipsilateral NCM and HVC were obtained simultaneously and combined with reverse microdialysis (retrodialysis) of estrogens/inhibitors within ipsilateral NCM (Fig. 1 A) .
For craniotomy surgery to expose the caudal forebrain, birds were anesthetized with 20% urethane via intramuscular injections (3 ϫ 30 l injections over a 2 h period). After injection with lidocaine (2% in ethanol), a midline incision and craniotomy exposed the reference point (bifurcation of the midsagittal sinus), and the locations of NCM and HVC were stereotaxically marked on the skull (from the bifurcation of the midsagittal sinus NCM: 1.2 mm rostral and 0.7 mm lateral; HVC: 2.4 mm lateral). A stainless steel head post (Herb Adams Engineering) was attached to the rostral skull via dental acrylic/cyanoacrylate, and a recording chamber surrounding the entire caudal forebrain region was sealed with dental acrylic.
After craniotomy, the dura mater was carefully resected over the region overlying the HVC and NCM boundaries, within the recording chamber. The bird was stabilized on a head-post anchor stage (Herb Adams Engineering) inside a sound-attenuation chamber (Industrial Acoustics) and kept warm with a direct current heating pad (FHC Neurocraft). A CMA-7 microdialysis probe prefilled with aCSF (199 mM NaCl, 26.2 mM NaHCO 3 , 2.5 mM KCl, 1.0 mM MgS0 4 , 2.5 mM CaCl, 11.0 mM glucose, and 1% bovine serum albumin, pH 7.4) was advanced into ventral NCM with a motorized micromanipulator (Warner Instruments). Experiments did not begin until the end of a 60 min stabilization period of steady dialysate flow (2.0 l/min) to allow implantationinduced phenomena to subside (Remage-Healey et al., 2010 , 2012 . A motorized micromanipulator (Warner Instruments) advanced a carbonfiber electrode (0.5-1.2 M⍀; Carbostar-1; Kation Scientific) into NCM immediately adjacent to the retrodialysis probe, and search stimuli included white noise (WN) and tones. Auditory sites were established in NCM by a combination of electrode depth (ϳ1.5 mm ventral from brain surface) and characteristic auditory-evoked activity. After stable auditory activity in NCM was established, a hydraulic micromanipulator (Narishige) advanced a second carbon-fiber electrode into HVC (beginning ϳ0.3 mm ventral from brain surface), for which search stimuli included bird's own song (BOS) and BOS played in reverse (REV). All histologically confirmed HVC sites exhibited the characteristic enhanced neuronal selectivity to BOS relative to all other playback sounds (see Results below and Fig. 1 A) . Simultaneous, stable, auditory-evoked activity was obtained from both NCM and HVC typically within minutes of the initial encounter of auditory sites in NCM.
Sound stimuli for all animals included BOS, REV, a conspecific song (CON), and white noise (WN). All stimuli (ϳ2 s in duration) were bandpass filtered using Adobe Audition (0.5-10 kHz; Adobe Systems) and were presented in randomized order at an interstimulus interval of 10 Ϯ 2 s at ϳ70 dB SPL. Experimental treatments were divided into three successive 30 min playback periods. Each playback block (20ϫ per stimulus) was 15 min in duration after an initial 15 min silent period to allow drug wash-in or washout, for a total treatment period of 30 min. The first 30 min recording/playback period consisted of aCSF retrodialysis to determine baseline responsiveness, followed by 30 min retrodialysis of estrogens/inhibitors, followed by a 30 min washout period of aCSF alone. Each experimental subject was treated with one compound exclusively, and all recordings were analyzed offline blind to treatment condition. At the conclusion of each experimental session, the NCM and HVC recording sites were each lesioned (ϩ10 A for 8 s) for histological verification.
The retrodialysis delivery method necessarily infuses estrogenic drugs and inhibitors into a ϳ1.0 mm dorsoventral extent of tissue (CMA-7 probe membrane length of 1.0 mm; CMA/Microdialysis). This method enables a larger-scale modulation of the population of NCM neurons (within the NCM region, which is ϳ1.4 ϫ 1.2 mm) than is possible with pressure or micropipette injections from a discrete tip (Remage-Healey et al., 2010b , 2012 . In adult males (n ϭ 19), retrodialysis solutions in NCM were the predominant neuroestrogen 17-␤-estradiol [E2; 30 g/ml (110 M); n ϭ 9], the estrogen synthesis inhibitor fadrozole (FAD; 100 M; n ϭ 5), or the biotin-conjugated estradiol (E6biotin; 30 g/ml; n ϭ 5). The doses for each compound were identical to previous studies (Remage-Healey et al., 2010b , 2012 and were selected to target the approximate range of local neuroestrogen concentrations in NCM .
Dual recordings from NCM and HVC were amplified, bandpass filtered (0.3-5 kHz; A-M Systems 1700), digitized at 20 kHz (Micro 1401; Cambridge Electronic Design), and stored on a computer using Spike 2 software (Cambridge Electronic Design). Multiunit recordings were analyzed offline using thresholding methods (excluding low-amplitude spikes with less than ϳ3:1 peak amplitude/background noise ratio) following established protocols (Coleman et al., 2007; Remage-Healey et al., 2010b , 2012 . For each recording session, the threshold level was maintained for the entire set of recordings, so that all sampling periods per experiment (e.g., aCSF, E2, washout) were analyzed with the same voltage threshold (for representative multiunit traces and stimulus histograms, see Fig. 1 B, C, respectively). Suprathreshold multiunit activity was then used to obtain average response strength (RS) for each 30 min recording. RS was computed by subtracting the mean firing rate for 2 s immediately before playback stimulation from the mean firing rate for 2 s during auditory stimulation. RS typically varies several-fold as a function of the "preferred" stimulus for any one auditory region (e.g., HVC exhibits a twofold to fivefold larger RS to BOS than any other stimulus; Coleman and Mooney, 2004; Nick and Konishi, 2005a) . To standardize comparisons among playback treatments, auditory responses were z-transformed (expressed as Z-scores) for both HVC and NCM data. The Z-score is the difference between the mean response during the stimulus and during the baseline period (RS) divided by the SD of the difference between the stimulus and baseline periods (Coleman and Mooney, 2004; Bauer et al., 2008) . We observed that results with manipulations of neuroestrogens in NCM were similar for both RS and Z-score measures; presented below are Z-scores for HVC and NCM to simplify stimulus and region response comparisons.
Inspection of the HVC data revealed a substantial shift in BOS selectivity relative to other stimuli during NCM E2 treatment (i.e., enhanced responses to BOS, unchanged responses to other stimuli; see Fig. 2 A) . To assess the neuroestrogen-dependent changes in HVC auditory selectivity, the selectivity index dЈ (a psychophysical measure of discriminability between two stimuli; Green and Swets, 1966) was computed for all song stimuli compared with WN, according to the following equation (Coleman and Mooney, 2004; Bauer et al., 2008) :
where RS[STIM] is the average RS for any stimulus (BOS, REV, CON), RS[WN] is the comparison average RS for WN, and 2 is the variance for each corresponding parameter. The dЈ selectivity index helps to account for distribution variance and is therefore used as a measure of discrimination between two environmental stimuli.
HVC single-unit analyses. To investigate whether E2-dependent changes in HVC auditory responses occurred at the level of single neurons, HVC recordings were sorted for single-unit analysis (procedures as performed by Remage-Healey et al., 2010b) . Large-amplitude single units (signal/noise ratio Ͼ3:1; one to two units per bird) were identified via waveform spike sorting (Spike 2; Cambridge Electronic Design). Single units identified by the offline spike sorting algorithm were segregated by waveform characteristics and by principle component analysis (see Fig. 3A ). In all cases, single units were verified to be auditory responsive by inspecting playback peristimulus time histograms (PSTHs; see Fig.  3B ), and only units meeting refractory period criteria were included in the analyses [i.e., the number of interspike intervals (ISIs) within 1 ms Յ1% of the total number of ISIs; average Ϯ SEM, 0.69 Ϯ 0.33%]. This conservative analysis identified eight single units from the nine males for which spike-sorted waveform templates could be reliably maintained across treatment periods (aCSF, E2, wash). Z-scores and dЈ values were generated for single units and analyzed as above.
Dual CMM-HVC recordings and HVC microinjections. We performed two additional experiments to determine the region specificity of the rapid actions of E2 in NCM, in particular because there are no direct anatomical connections between NCM and HVC ( Fig. 1 A) . First, dual extracellular recordings were obtained from HVC and caudomedial mesopallium (CMM), a secondary auditory region that, like NCM, provides auditory input into HVC via two intervening pathways (Fig. 1 A) . In a separate set of adult males (n ϭ 5), dual multiunit recordings from ipsilateral CMM and HVC were obtained simultaneously and combined with reverse microdialysis (retrodialysis) of E2 (30 g/ml) within ipsilateral CMM (see Fig. 5 ). Surgical and recording procedures were as presented above, with modifications to expose CMM in addition to HVC.
Second, in a separate set of adult males (n ϭ 4), we delivered E2 directly into HVC via microinjection (the dorsoventral extent of HVC is too narrow to permit targeted retrodialysis with current methods) using a modified picospritzer while recording within HVC (World Precision Instruments). After establishing stable multiunit activity in HVC, ϳ100 nl of aCSF was delivered to HVC following established Figure 1 . Estrogens acting locally within NCM rapidly enhance the neural representation of song in HVC. A, Sagittal schematic of the male zebra finch auditory circuit, showing dual extracellular electrodes in NCM and sensorimotor HVC. A retrodialysis probe is pictured coupledtotheelectrodeinNCM,whichallowsacutemanipulationoflocalconcentrationsofestrogenicdrugsandinhibitorswithindiscrete nuclei, along with washout with aCSF. The auditory pathway ascends from the cochlear nucleus (not pictured), via thalamic nucleus ovoidalis (Ov), primary thalamorecipient Field L (L), secondary auditory cortical nuclei NCM, CMM, CLM, and NIf, into the sensorimotor integration nucleus HVC. B, Two representative examples of dual multiunit recordings from two separate animals taken at baseline. Multiunit traces from HVC (top) and NCM (bottom) are shown for a 20 s sequence of presentation of both the BOS and REV (playback waveforms shown in middle). NCM exhibits characteristic auditory-evoked increased firing rates to most sounds, including REV and BOS, whereasHVCexhibitscharacteristicBOSselectivity(i.e.,limitedresponsetoREV).Calibrationbar,1s.C,PSTHsfrommultiunitactivityinHVC duringauditoryplaybackandneuroestrogenmanipulationsinNCM.AllthreePSTHsarefromthesameexperimentalanimaloverthecourse ofatypicalexperimentofserial30mintreatmentswithaCSF,E2,andaCSFwashoutinNCM.EachPSTHdepictsthesummedHVCmultiunit activity over 20 iterations of 6 s of 2 s silence, followed by 2 s of BOS playback (BOS STIM), followed by 2 s of silence. The corresponding Z-scores are presented above the x-axis for each recording.
protocols for small-volume pressure delivery (Remage-Healey and Bass, 2010; Tremere et al., 2010) . HVC multiunit activity was recorded for the 10 min after aCSF delivery to establish baseline responses, after which ϳ100 nl of E2 (30 g/ml) was delivered to HVC and two subsequent HVC recordings were collected (0 -10 min after E2; 10 -20 min after E2).
Dual NCM-HVC recordings in juvenile males. BOS-selective responses emerge in the HVC of juvenile males by 70 -90 d post-hatching (dph; Nick and Konishi, 2005b) and in the downstream anterior forebrain pathway by as early as 60 dph (Solis and Doupe, 1997; Sizemore and Perkel, 2011) . During this period, juvenile males gradually refine their highly variable song, and full "crystallized " adult song (i.e., highly stereotyped across renditions) only occurs after 90 dph (Korsia and Bottjer, 1991; Brainard and Doupe, 2002; Mooney, 2009) , when gonadal androgens are elevated (Schlinger and Brenowitz, 2008) . Because of the above results with adult males, we tested whether the E2-dependent modulation within NCM leads to downstream enhanced HVC BOS selectivity in juvenile males, before the full maturation of the auditory forebrain network. A set of six males was used to explore this hypothesis, with ages over the range of the sensorimotor phase of song development (ages: 60, 63, 67, 72, 76, and 81 dph). Dual extracellular recordings were obtained from HVC and NCM, after anesthesia and surgery as outlined above, in combination with retrodialysis of E2 (30 g/ml) within ipsilateral NCM.
Statistical analyses. Statistical analyses were performed using Statview 4.5 (Abacus) and R (GNU project). Z-score and dЈ values were analyzed for each brain region using nonparametric repeated-measures Friedman's ANOVA tests (Shapiro-Wilk's W tests for parametric distributions were significant at p Ͻ 0.05; no multi-way repeated-measures ANOVA tests exist for nonparametric data). One-way repeated-measures Friedman's tests were computed for each auditory playback stimulus on a within-subject basis over time for a given treatment sequence (e.g., aCSF, E2, and wash). When initial Friedman's tests were found to be significant for an auditory playback stimulus (e.g., BOS), subsequent Wilcoxon's signed-rank post hoc tests (Siegel and Castellan, 1988; Sokal and Rohlf, 1995) were used to test for paired within-subject changes in Z-scores or dЈ values from baseline (e.g., aCSF vs E2 treatment periods).
Results

NCM E2 treatment enhances auditory encoding in NCM
Acute, 30 min retrodialysis of E2 (30 g/ml; n ϭ 9) into NCM caused a local upregulation of NCM auditory responses to all stimuli (Fig. 2 A, top) , consistent with previously published work in adult males and females of this species (Tremere et al., 2009; Remage-Healey et al., 2010b , 2012 Tremere and Pinaud, 2011) . For response strength (Z-score values) in NCM, the nonparametric repeated-measures Friedman's tests revealed overall significant effects of E2 treatment for BOS (X 2 ϭ 7.60; p ϭ 0.022), REV (X 2 ϭ 10.00; p ϭ 0.007), CON (X 2 ϭ 6.40; p ϭ 0.041), and WN (X 2 ϭ 7.60; p ϭ 0.022). The source of this variation was determined by Wilcoxon's signed-rank post hoc tests, which revealed that response strength in NCM was significantly elevated over baseline (aCSF vs E2) for BOS, REV, CON, and WN (all p Ͻ 0.04).
NCM E2 treatment enhances BOS responses in HVC
The same acute, 30 min retrodialysis of E2 (30 g/ml; n ϭ 9) into NCM caused an upregulation of HVC auditory responses only to the playback of the BOS (Fig. 2 A, bottom) . For response strength (Z-score values) in HVC, the nonparametric repeated-measures Friedman's test revealed an overall significant effect of E2 treatment on the response to BOS (X 2 ϭ 13.50; p ϭ 0.001). In contrast, Friedman's tests showed no effects of E2 treatment on the HVC response to REV (X 2 ϭ 0.06; p ϭ 0.972), CON (X 2 ϭ 2.39; p ϭ 0.303), or WN (X 2 ϭ 3.72; p ϭ 0.147). The source of this variation was determined by Wilcoxon's signed-rank post hoc tests, which revealed that response strength in HVC was significantly elevated over baseline (aCSF vs E2) for BOS (p ϭ 0.007) but not significantly different for REV, CON, and WN (all p Ͼ 0.37).
Similarly, for the selectivity index dЈ (Fig. 2 B) , the nonparametric repeated-measures Friedman's test revealed an overall significant effect of E2 treatment on the HVC selectivity for BOS (X 2 ϭ 12.06; p ϭ 0.002). In contrast, Friedman's tests showed no effects of E2 treatment on the HVC selectivity for REV (X 2 ϭ 1.17; p ϭ 0.549) or CON (X 2 ϭ 2.11; p ϭ 0.347). The source of this variation was determined by Wilcoxon's signed-rank post hoc tests, which revealed that dЈ values in HVC were significantly elevated over baseline (aCSF vs E2) for BOS ( p ϭ 0.007) but not significantly different for REV and CON (all p Ͼ 0.37). Therefore, although E2 caused a rapid and generalized upregulation of auditory response strength in NCM, the same modulatory event was transformed by the time it reached HVC to become specific for a selective enhancement of the BOS.
HVC single-unit response properties enhanced by NCM E2 treatment
To investigate whether E2-dependent changes in HVC auditory responses occurred at the level of single neurons, HVC recordings were sorted for single-unit analysis (see Materials and Methods and Fig.  3A,B) . Patterns of response for the n ϭ 8 isolated single units were very similar to results with HVC multiunit data. E2 retrodialysis in Figure 2 . E2deliveredtoNCMrapidlyenhancesneuronalresponsestoallauditorystimuliinNCM, butE2selectivelyenhancesonlyneuronalresponsestoBOSinHVC.A,TheZ-score(neuronalresponse strength) in NCM is rapidly enhanced by E2 treatment within NCM for all four auditory stimuli (top; n ϭ 9). In contrast, simultaneous recordings in HVC show that the Z-score in HVC is rapidly enhanced byE2treatmentwithinNCMfortheBOSstimulusonly.Inset,Individualdataforallninebirdsshowing rapid changes in Z-score values in HVC for the neuronal responses to BOS during aCSF (left), E2 (middle), and wash (right) treatment periods (axes are unlabeled but are identical to bar graph). B, In this same experiment, the stimulus selectivity index dЈ in HVC is rapidly enhanced for the BOS stimulus only, indicating that HVC exhibits enhanced neuronal selectivity for the BOS stimulus when E2 levels areacutelyelevatedinNCM.Inset,IndividualdataforallninebirdsshowingrapidchangesindЈvalues in HVC for the neuronal responses to BOS during aCSF (left), E2 (middle), and wash (right) treatment periods (axes are unlabeled but are identical to bar graph). Each time period is 30 min in duration. *pϽ0.05;**pϽ0.01forWilcoxon'ssigned-rankposthoctestscomparingE2versusaCSFconditions on a within-stimulus basis.
NCM caused a local upregulation of HVC single-unit auditory responses to the BOS only (Fig. 3) . For response strength (Z-score values) in HVC, the nonparametric repeated-measures Friedman's test revealed an overall significant effect of E2 treatment on the response to BOS (X 2 ϭ 10.75; p ϭ 0.004). In contrast, Friedman's tests showed no effects of E2 treatment on the HVC response to REV (X 2 ϭ 1.75; p ϭ 0.417), CON (X 2 ϭ 0.75; p ϭ 0.687), or WN (X 2 ϭ 0.25; p ϭ 0.882). The source of this variation was determined by Wilcoxon's signed-rank post hoc tests, which revealed that response strength in HVC was significantly elevated over baseline (aCSF vs E2) for BOS (p ϭ 0.01) but not significantly different for REV, CON, and WN (all p Ͼ 0.21).
Similarly, for the selectivity index dЈ (Fig. 3E) , the nonparametric repeatedmeasures Friedman's test revealed an overall significant effect of E2 treatment on the HVC selectivity for BOS (X 2 ϭ 13.07; p ϭ 0.001). In contrast, Friedman's tests showed no effects of E2 treatment on the HVC selectivity for REV (X 2 ϭ 0.27; p ϭ 0.875) or CON (X 2 ϭ 3.47; p ϭ 0.177). The source of this variation was determined by Wilcoxon's signed-rank post hoc tests which revealed that d' values in HVC were significantly elevated over baseline (aCSF vs E2) for BOS ( p ϭ 0.01) but not significantly different for REV and CON (all p Ͼ 0.21). Therefore, unsurprisingly, the enhanced representation of BOS in HVC was attributable to specific modulation of the activity of single HVC neurons.
There was no significant change in baseline firing frequency (i.e., in the absence of auditory stimulation) in HVC between aCSF versus E2 NCM retrodialysis conditions. The mean Ϯ SEM instantaneous firing frequency in HVC for aCSF versus E2 conditions was unchanged at the level of multiunit spontaneous activity (309.5 Ϯ 61 vs 338.9 Ϯ 58 Hz, respectively; p ϭ 0.83 for paired t test), as well as at the level of single-unit spontaneous activity (163.3 Ϯ 50 vs 141.9 Ϯ 30 Hz, respectively; p ϭ 0.74 for paired t test; Fig.  3C ). This suggests that E2-dependent modulation transformed the auditory input(s) to HVC and did not directly alter the intrinsic membrane properties of the HVC neurons we sampled (as reported previously, spontaneous activity is also unchanged in NCM during E2 treatment; Remage-Healey et al., 2010b). However, this hypothesis remains to be tested with intracellular recordings before conclusions can be made about the nature of the modulation at the level of HVC.
No enhancement of HVC BOS representation in juvenile males
Because of the above results collected in adult males, we tested whether the E2-dependent modulation within NCM led to downstream enhanced BOS selectivity in juvenile males (before song crystallization and maturation of the HVC-RA circuit, 60 -81 dph). In contrast to adults, however, the same dose of E2 Bottom, Overlay of 100 random spike waveforms from the same single unit shows the corresponding unique distribution of spikes for the same unit (calibration bar, 0.2 ms). B, All identified HVC single units showed significant changes in auditory-evoked activity; shown here is a PSTH of a typical unit (top) along with the corresponding song stimulus (bottom). C, Estradiol treatment in NCM did not produce changes in spontaneous activity in HVC single units. The average instantaneous firing frequency is plotted here for all individual data for eight single units in this study, showing no significant change with E2 treatment. D, The Z-scores for all identified single units were rapidly enhanced for BOS in HVC after E2 treatment in NCM. Inset, Individual data for all eight units for BOS showing rapid changes in Z-scores during aCSF (left), E2 (middle), and wash (right) treatment periods (axes are unlabeled but are identical to bar graph). E, In this same experiment, the stimulus selectivity index dЈ in HVC is rapidly enhanced for the BOS stimulus when E2 levels are acutely elevated in NCM. Inset, Individual data for all identified single units for BOS showing rapid changes during aCSF (left), E2 (middle), and wash (right) treatment periods (axes are unlabeled but are identical to bar graph). Each time period is 30 min in duration. *p Ͻ 0.05 for Wilcoxon's signed-rank post hoc tests comparing E2 versus aCSF conditions on a within-stimulus basis. NS, Nonsignificant.
(30 g/ml; n ϭ 6) produced no significant changes in auditoryevoked activity in juveline HVC (Fig. 4) . For response strength (Z-score values) in HVC, the nonparametric repeated-measures Friedman's tests showed no significant effect of E2 treatment on the responses to BOS (X 2 ϭ 4.33; p ϭ 0.115), REV (X 2 ϭ 0.33; p ϭ 0.846), CON (X 2 ϭ 0.33; p ϭ 0.846), or WN (X 2 ϭ 0.33; p ϭ 0.846). Therefore, the rapid modulation of HVC auditory processing by E2 in NCM very likely depends on a developmental maturation of the auditory pathway.
No enhancement of HVC BOS representation by E2 treatment in either CMM or HVC
One explanation for the rapid actions of E2 delivered to NCM on downstream response properties in HVC in adults could be rapid diffusion of E2 through the caudal forebrain to have a direct effect on HVC. We performed two separate experiments to test this possibility and thereby determine the region specificity of the rapid actions of E2 in NCM. First, dual extracellular recordings were obtained from HVC and CMM, an adjacent secondary auditory region that (like NCM) provides indirect input into HVC (Fig. 5A) . Dual extracellular recordings revealed that the same dose of E2 (30 g/ml; n ϭ 5) delivered to CMM did not have significant effects on auditory processing within CMM or upstream in HVC, despite the similar HVC proximity of CMM as that of NCM. For response strength (Z-score values) in CMM (Fig. 5B, top) , the nonparametric repeated-measures Friedman's tests showed no significant effect of E2 treatment on the responses to BOS (X 2 ϭ 2.80; p ϭ 0.246), REV (X 2 ϭ 0.40; p ϭ 0.819), CON (X 2 ϭ 3.60; p ϭ 0.165), or WN (X 2 ϭ 3.60; p ϭ 0.165). For corresponding response strength in HVC (Fig. 5B,  bottom) , the nonparametric repeated-measures Friedman's tests showed no significant effect of E2 treatment on the responses to BOS (X 2 ϭ 1.60; p ϭ 0.449), REV (X 2 ϭ 1.20; p ϭ 0.549), CON (X 2 ϭ 2.80; p ϭ 0.246), or WN (X 2 ϭ 2.80; p ϭ 0.246). Thus, elevated E2 levels in nearby CMM did not cause rapid changes in CMM activity nor did they mimic the rapid actions of NCM E2 on downstream HVC processing. Second, E2 delivered directly into HVC produced no changes in the auditory response properties of HVC itself (Fig. 6) . For response strength (Z-score values) in HVC (Fig. 6 B) , the nonparametric repeated-measures Friedman's tests showed no significant effect of local HVC E2 treatment on the responses to BOS (X 2 ϭ 4.50; p ϭ 0.105), REV (X 2 ϭ 1.50; p ϭ 0.472), CON (X 2 ϭ 2.00; p ϭ 0.368), or WN (X 2 ϭ 1.50; p ϭ 0.472). Similarly, the selectivity index dЈ was unchanged for BOS after delivery of E2 ( Fig. 6C; X 2 ϭ 1.500; p ϭ 0.472). These results are in direct contrast with those presented above in which E2 is delivered into NCM (Fig. 2 A, B) . Together, experiments with E2 delivery to CMM and HVC indicate that the modulation of HVC response properties by the actions of E2 in the auditory forebrain appear to be specifically localized to NCM and not dependent on passive diffusion of E2 from NCM (or CMM) into HVC itself.
Local inhibition of NCM aromatase diminishes neuronal selectivity in HVC
To test whether endogenous estrogen production within NCM has consequences for HVC auditory selectivity, we retrodialyzed the potent aromatase inhibitor FAD (100 M; n ϭ 5) into NCM while recording from HVC. The same dose of FAD has been shown previously via retrodialysis delivery to suppress local E2 levels, auditory processing, as well as behavioral song preferences in NCM , 2010b . For response strength (Z-score values) in HVC (Fig. 7C, top) , the nonparametric repeated-measures Friedman's test revealed an overall significant effect of FAD treatment on the response to BOS (X 2 ϭ 8.40; p ϭ 0.015). In contrast, Friedman's tests showed no effects of FAD treatment on the HVC response to REV (X 2 ϭ 1.60; p ϭ 0.449), CON (X 2 ϭ 0.40; p ϭ 0.819), or WN (X 2 ϭ 0.40; p ϭ 0.819). However, the Wilcoxon's signed-rank post hoc test showed a trend but no significant change for Z-scores in response to BOS during FAD retrodialysis relative to the preceding baseline period (Z ϭ 1.753; p ϭ 0.051 for FAD vs aCSF).
Inhibiting estrogen production in NCM with FAD had clear effects on stimulus selectivity in HVC. For the selectivity index dЈ (Fig. 7C, bottom) , the nonparametric repeated-measures Friedman's tests revealed an overall significant effect of FAD treatment on the HVC selectivity for BOS (X 2 ϭ 6.40; p ϭ 0.041) and no effects of FAD treatment on the HVC selectivity for REV (X 2 ϭ 0.40; p ϭ 0.819) or CON (X 2 ϭ 5.20; p ϭ 0.074). The source of this variation was tested by Wilcoxon's signed-rank post hoc tests, which revealed that dЈ values in HVC were significantly reduced relative to baseline (aCSF vs FAD) for BOS ( p ϭ 0.04) but not significantly different for REV and CON (all p Ͼ 0.50). Therefore, the auditory selectivity for BOS in HVC was significantly and specifically suppressed when endogenous estrogen production was blocked within the NCM.
A membrane-impermeable estrogen mimics rapid effects on HVC selectivity
To test for possible rapid E2 actions at putative neuronal membrane receptors, the membrane-impermeable biotinylated E2 (E6biotin; Fig. 7B ) was retrodialyzed into NCM in a separate set of adult males (30 g/ml; n ϭ 5) while recording from HVC. For response strength (Z-score values) in HVC (Fig. 7D, top) , the nonparametric repeated-measures Friedman's test revealed an overall significant effect of E6biotin treatment on the response to BOS (X 2 ϭ 6.40; p ϭ 0.041). In contrast, Friedman's tests showed no effects of E6biotin treatment on the HVC response to REV (X 2 ϭ 1.20; p ϭ 0.549), CON (X 2 ϭ 0.40; p ϭ 0.819), or WN (X 2 ϭ 1.60; p ϭ 0.449). The source of this variation was tested by Wilcoxon's signed-rank post hoc tests, which revealed that response strength was significantly elevated above baseline (aCSF vs E6biotin) for BOS ( p ϭ 0.04) but not significantly different for REV ( p ϭ 0.07), CON ( p ϭ 0.99), and WN ( p ϭ 0.71).
Similarly, for the selectivity index dЈ (Fig. 6 D, bottom) , the nonparametric repeated-measures Friedman's test revealed an overall significant effect of E6biotin treatment on the HVC selectivity for BOS (X 2 ϭ 8.40; p ϭ 0.015). In contrast, Friedman's tests showed no effects of E6biotin treatment on the HVC selectivity for REV (X 2 ϭ 2.80; p ϭ 0.246) or CON (X 2 ϭ 0.40; p ϭ 0.819). The source of this variation was determined by Wilcoxon's signed-rank post hoc tests, which revealed that dЈ values in HVC were significantly elevated above baseline (aCSF vs E6biotin) for BOS ( p ϭ 0.04) but not significantly different for REV and CON (all p Ͼ 0.27). Therefore, the rapid actions of E2 in NCM on downstream HVC BOS selectivity were fully mimicked by the cell-membrane-specific estrogen E6biotin.
Discussion
Here, we show that local and acute estrogen signaling in the auditory forebrain transforms downstream auditory response properties of neurons in a sensorimotor nucleus and that these actions appear to be mediated by a membrane-bound estrogen receptor. Although E2 caused a rapid and generalized upregulation of auditory responses to all stimuli in the auditory NCM, the same modulatory event was markedly transformed by the time it reached sensorimotor HVC, enhancing the representation of BOS exclusively. This transformation was also evident in the evoked activity of single HVC auditory neurons. Moreover, the auditory representation of BOS in HVC was specifically suppressed when endogenous estrogen production was blocked within NCM. Together, this evidence is consistent with the hypothesis that locally derived estrogens in NCM can rapidly modulate the stream of auditory information that is ultimately transmitted to HVC. These findings indicate that steroid-dependent modulation of activity in a sensory forebrain region is not locally restricted and can be transmitted to an interconnected network of sensorimotor and premotor targets.
Region and age specificity
One potential explanation for the rapid actions of NCM neuroestrogens on downstream HVC response properties is that retrodialyzed E2 diffused through the caudal forebrain into HVC itself for direct local actions. We feel confident in rejecting this possibility based on the following reasoning. First, in separate experiments, E2 was rapidly retrodialyzed into the nearby secondary auditory nucleus CMM, which receives reciprocal connections from NCM and projects to HVC [via caudolateral mesopallium (CLM) and nucleus interfacialis (NIf); Fig.  1A ]. E2 had no local effects on CMM auditory responses, and similarly E2 did not have significant downstream effects on HVC response properties. Thus, identical neuroestrogen delivery to a nearby auditory nucleus (CMM) did not mimic the rapid actions of E2 in NCM. Second, there was no effect of NCM E2 manipulations on baseline (i.e., non-auditory evoked) firing properties of HVC neurons, suggesting instead that the afferent auditory inputs of HVC were modulated. Third, E2 delivered directly into HVC itself produced no changes in HVC response properties to song stimuli. Together, these findings indicate that E2 acts within NCM to indirectly modulate HVC response properties rather than diffusing and acting directly on the HVC microenvironment. The nature of this indirect, transynaptic, and rapid modulation by E2 has now become an active area of interest.
The region specificity of rapid E2 actions in NCM is consistent with the distribution of the estrogen-synthesis enzyme aromatase in the caudal forebrain of zebra finches. The NCM is highly enriched with aromatase mRNA and protein expression, whereas other nuclei in the ascending auditory pathway (such as Field L, CMM, and NIf) are essentially devoid of aromatase (Saldanha et al., 2000; Saldanha and Coomaralingam, 2005; Jeong et al., 2011) . NCM also exhibits predominant expression of two estrogen receptors, ER␤ (Saldanha et al., 2000; Saldanha and Coomaralingam, 2005; Jeong et al., 2011) and GPR30 (Acharya and Veney, 2012) , that could mediate rapid and local neuroestrogen signaling. NCM therefore occupies a critical node that enables estrogen-dependent modulation of the network of ascending auditory signals into HVC. It is noteworthy that HVC itself contains no aromatase cell bodies but does contain terminal boutons that are aromatase positive (Saldanha et al., 2000; Peterson et al., 2005) , and it remains to be determined whether this population is independently controlled (with respect to rapid estrogen signaling and auditory modulation) from the abundant terminal aromatase in NCM (Remage-Healey et al., 2011) .
The HVC of juvenile male songbirds exhibits increasing BOS selectivity as the song learning period unfolds (Volman, 1993; Nick and Konishi, 2005a) , and the neuronal selectivity for tutor songs in the song system wanes by ϳ70 dph in favor of BOS (Solis and Doupe, 1997; Yazaki-Sugiyama and Mooney, 2004; Nick and Konishi, 2005b) . Our data show that the ability of NCM neuroestrogens to drive enhanced neural representations of BOS in HVC does not strictly parallel the developmental emergence of baseline HVC selectivity for the BOS. Rather, the E2-dependent modulation by NCM is only evident in adult males (Ͼ120 dph), after song crystallization has occurred, and this modulation is absent in juvenile males (Ͻ90 dph). These findings indicate that auditory inputs to the HVC undergo a maturation process in the late juvenile period that is necessary for modulatory signals from . Blocking endogenous estrogen production in NCM suppresses neuronal selectivity for BOS in HVC, and the rapid actions of estrogens in NCM appear to depend on acute membrane-mediated actions. A, Schematic of dual NCM-HVC electrophysiology recordings (identical to Fig. 1 A) used for retrodialysis delivery of the aromatase inhibitor FAD and the cell-membraneimpermeable biotin-conjugated estradiol (E6biotin). B, Chemical structure of E6biotin, showing the biotin conjugate in the carbon-6 position of E2, which retains receptor binding capacity of E2 but restricts diffusion through cell membranes. Adapted with permission from Steraloids. C, Acute suppression of local estrogen production within NCM (via FAD-mediated aromatase inhibition) does not alter Z-score values in HVC (top) but significantly suppresses the selectivity index dЈ for BOS in HVC (bottom). In contrast, the dЈ values for REV and CON remain unchanged. Insets show individual data for all five birds showing rapid changes in dЈ values in HVC for the neuronal responses to BOS during aCSF (left), FAD (middle), and wash (right) treatment periods and no consistent changes for Z-score values (axes are unlabeled but are identical to bar graphs). Each time period is 30 min in duration. *p Ͻ 0.05 for the Wilcoxon's signed-rank post hoc test comparing FAD versus aCSF conditions on a within-stimulus basis. D, Retrodialysis of the cell-membrane-impermeable compound E6biotin into NCM fully mimics the acute actions of unconjugated E2 on Z-score values for BOS (top) and selectivity index dЈ for BOS (bottom) in HVC. Insets show individual data, respectively, for all five birds showing rapid changes for BOS during aCSF (left), E6biotin (middle), and wash (right) treatment periods (axes are unlabeled but are identical to bar graphs). Each time period is 30 min in duration. *p Ͻ 0.05 for Wilcoxon's signed-rank post hoc tests comparing E6biotin versus aCSF conditions on a within-stimulus basis. Other abbreviations are as defined in the legend to Figure 1. 
